Introduction {#Sec1}
============

Biofilms are by far the preferred lifestyle of bacteria^[@CR1]^, mostly in diverse nutrient-limited environmental niches. Biofilm communities cause biomass buildup on solid surfaces that results in major expenses in marine traffic, water systems maintenance and in the industrial sector. Biofilms can also harbor potential human pathogens in food industry, health-care facilities, drinking water systems and on high-touch surfaces in public spaces. It is estimated that hard to treat pathogenic biofilms account for over 80% of all human microbial infections^[@CR2]^ with antibiotic-resistant ESKAPE pathogens^[@CR3]^ including six nosocomial pathogens commonly associated with multidrug resistance and virulence (*Enterococcus faecium*, *Staphylococcus aureus*, *Klebsiella pneumoniae*, *Acinetobacter baumannii*, *Pseudomonas aeruginosa*, *Enterobacter spp*.) being the most problematic in the field. Biofilms pose a major medical challenge as they can be over 1,000-fold more tolerant to antibiotics than their planktonic counterparts^[@CR4]^. Spatially heterogeneous natural selection in biofilm milieu also contributes to antibiotic resistance development and transfer^[@CR5],[@CR6]^ as well as producing antibiotic-resistant bacteria that are more fit and not easily outcompeted in the absence of the drug^[@CR7]^.

Controversially, most of the methods used to assess antimicrobial properties of surface materials, irrespective of their proposed application, either use planktonic cultures or study indirect effects such as release of antimicrobial compounds from the surfaces^[@CR8]^. Such methods might not correctly report surface efficacy in proposed applications. Even if biofilm formation on material of interest is studied, often-used methods of biofilm viability assessment are prone to critical failures. For example, viability staining with propidium iodide and suitable counterstains can dramatically underestimate viability in both oligotrophic^[@CR9]^ and growth medium biofilms^[@CR10]^ while colony counts, the gold standard of microbiology, depend on viable cell harvesting efficiency and dispersion of harvested aggregates prior to cultivation^[@CR11],[@CR12]^.

Susceptibility to metal ions has been demonstrated to be similar for both biofilms and planktonic cultures^[@CR13]^ which makes antimicrobial metal-based approaches good candidates to prevent pathogen transfer and biofilm formation on high-touch surfaces. Silver and copper are good examples of infection prevention and marine antifouling agents historically used even before deeper knowledge of microbes or biofilms was established. Historical use of the former is well reviewed by Lemire et al.^[@CR14]^. Zinc is a later addition to the list after wider use of ZnO nanoparticles. Although zinc is an essential micronutrient being incorporated into 4--10% of proteins across the domains of life^[@CR15]^, it possesses a dose-dependent antibacterial activity at higher concentrations. Zinc toxicity towards microbes is mainly attributable to deactivation of proteins via thiol-disulfide chemistry^[@CR14],[@CR16]^ and protein binding or metal replacement (e.g. manganese starvation^[@CR17],[@CR18]^) resulting in impaired energy metabolism^[@CR19]--[@CR21]^, higher susceptibility to reactive oxygen species (ROS)^[@CR22]^ and eventually loss of membrane potential and membrane permeabilization. Zn tolerance in non-physiological concentrations has been shown to depend on microbial species with *C. albicans* and *P. aeruginosa* being less sensitive to Zn toxicity than *E. coli* or *S. aureus*^[@CR23]^. ZnO nanoparticles have been demonstrated to possess additional antibacterial properties due to direct contact and ROS production^[@CR24]^. Nano-specific effects damage bacterial cell membranes and downregulate genes associated with managing oxidative stress in *S. aureus* as well as upregulate genes associated with cation efflux in *E. coli* and *P. aeruginosa* and inhibit biofilm formation by *E. coli*, *S. aureus* and *P. aeruginosa*^[@CR25]--[@CR30]^ among other microbes. Addition of silver adds to antimicrobial effects in a variety of mechanisms including membrane and cell wall damage, protein inactivation, impaired energy metabolism, ROS production and DNA damage^[@CR31]--[@CR39]^.

Inhibition of biofilm formation on Zn-based applications can partially be attributed to general Zn toxicity to bacteria above physiological concentrations but also other biofilm-specific mechanisms of action could be involved. For example, it has been proposed that sublethal Zn or Ag concentrations could affect biofilm formation by interfering with quorum sensing^[@CR40]--[@CR43]^ or modulate amyloid fibril formation^[@CR44],[@CR45]^.

Another promising way is the development of antimicrobial surfaces containing photocatalysts that not only induce microbial killing but also degradation of organic matter under specific illumination conditions that could hopefully decrease dry touch-transfer of pathogens or delay moist surface colonization between light exposures. The most popular photocatalyst is TiO~2~ but also ZnO is widely used^[@CR24]^. In one of our previous studies^[@CR46]^ we demonstrated that in addition to killing bacterial cells during photocatalysis, TiO~2~ surfaces also caused photooxidation of bacterial debris thus, referring to the possibility of extended efficacy of those surfaces.

The idea behind photodegradation is that light with high enough energy to exceed band gap energy of the photocatalytic metal oxide (e.g. 3.37 eV in the case of ZnO) will excite electron--hole pairs. The photogenerated electrons (e^−^) and holes (h^+^) can reduce or oxidize compounds like surface adsorbed O~2~ and H~2~O to produce ROS. The produced ROS (e.g. superoxide anion radical ^•^O~2~^-^ and hydroxyl radical ^•^OH) are able to partially or completely degrade organic contaminants including microbes. It has been claimed that ZnO can produce ROS even without light activation^[@CR47]^---ROS production via releasing of trapped electrons, so called "photocatalysis in the dark"^[@CR48]^ with respective antimicrobial activity^[@CR49],[@CR50]^. Therefore, not only metal ions but assumingly also ROS can contribute to the antimicrobial and self-cleaning nature of photocatalytic metal oxide based surfaces in dark conditions. Increased antimicrobial and antibiofilm behavior of nano-ZnO covered dental implant^[@CR51]^ and ZnO thin film covered food-packaging polymer^[@CR52]^ compared to uncoated controls indicate a promising potential of ZnO-based coatings. The use of nanoparticle-based surfaces increases the potential efficiency and reactivity of such surfaces due to increased specific surface area of nanosized matter.

We have previously reported developing novel multi-effective antimicrobial coatings based on nano-ZnO/Ag composite particles^[@CR53]^. The novelty of these coatings rises from a combined and complex effect of different antimicrobial mechanisms: (i) antimicrobial activity of Zn^2+^ ions, (ii) antimicrobial activity of Ag^+^ ions, and (iii) antimicrobial activity of ROS, generated at the surface of nano-ZnO and nano-ZnO/Ag via photocatalytic processes under UV-A illumination. Our coatings also have two additional advantages (i) degradation of organic debris (incl. dead bacteria) by ROS takes place on the surface and (ii) photocatalytic activity of ZnO is enhanced by the formation of nano-ZnO/Ag composite particles (via charge separation process in ZnO/Ag system).

Antimicrobial properties of our previously developed UV-A-induced nano-ZnO and nano-ZnO/Ag composite coated surfaces were evaluated using an in-house protocol based on ISO standards for measurement of antibacterial activity of non-porous surfaces (ISO 22196:2011^[@CR54]^) and photocatalytic surfaces (ISO 27447:2009^[@CR55]^), protocols designed to measure antimicrobial action in a thin layer of microbial suspension uniformly spread between test surface and cover film. The nano-ZnO-coated solid surfaces were found to be highly effective under UV-A illumination with over 3 log decrease in planktonic *E. coli* and *S. aureus* viability during 1 h exposure. Photodepositing Ag onto the nano-ZnO increased its photocatalytic activity and acted as an additional antimicrobial agent in the absence of UV-A exposure^[@CR53]^.

With the intent to further develop these materials for use on high-touch surfaces in the public spaces, in this study we additionally assessed the efficacy of the surface materials against biofilm formation in application-appropriate oligotrophic environment and in the absence of UV-A exposure. For that we opted for a static model to grow biofilms directly on the studied surfaces and to be able to simultaneously monitor dissolution-driven toxicity to the planktonic cells in a small closed system. A mixed approach combining physical methods (vortexing and ultrasonication) with chemical ones (addition of surfactant, using high salt concentration) was used for biofilm harvesting. Biocompatibility of the surfaces was studied using in vitro skin-relevant human cell growth directly on the nano-enabled surfaces.

Results {#Sec2}
=======

To assess both anti-adhesion effect of the coating materials and metal release-associated antimicrobial activity towards planktonic microbes, biofilm formation on the sparsely and densely coated nano-ZnO and sparsely coated nano-ZnO/Ag surfaces as well as viability of planktonic microbes in the test system was studied. Biofilms were either grown in static oligotrophic environment (1:500 diluted nutrient broth in synthetic tap water, not supporting planktonic growth) at room temperature to mimic real-life-like use in moist environments (similar to previously used standard conditions for planktonic testing^[@CR53]^) or in nutrient-rich growth mediums (LB, YPD; supporting exponential growth) resembling classical laboratory approach for studying biofilms^[@CR56]^. Well described human-relevant biofilm-forming Gram-positive (*S. aureus* ATCC25923) and Gram-negative (*E. coli* MG1655) model bacteria were selected for the experiments. *C. albicans* CAI4 was included as a fungal model organism to represent different types of microbes potentially transferred by fomites. The effect of the surfaces on biofilm formation was quantitively evaluated by harvesting viable adherent cells followed by colony counting or by qualitative epifluorescence microscopy. In parallel, antimicrobial activity towards planktonic cells above the surfaces was analyzed using colony counting.

Biofilm formation on surfaces coated with nano-ZnO or nano-ZnO/Ag {#Sec3}
-----------------------------------------------------------------

Nano-ZnO inhibited bacterial biofilm formation in a dose-dependent manner in oligotrophic conditions (Fig. [1](#Fig1){ref-type="fig"}a, b) reaching maximum of 2.12 and 3.49 log reduction on dense nano-ZnO surface compared to uncoated surface after 72 h for *E. coli* and *S. aureus,* respectively. In growth medium, however, only the dense nano-ZnO surface significantly inhibited biofilm formation of *S. aureus* but not *E. coli* (Fig. [1](#Fig1){ref-type="fig"}d, e). It was also evident that while there was rapid surface colonization taking place during the first 3 h of incubation in oligotrophic conditions, regardless of surface type, the surfaces in growth medium were either colonized more slowly or the initial adherence was weaker and adherent cells were more easily washed off during sample preparation.Figure 1*E. coli* MG1655 (**a**, **d**), *S. aureus* ATCC25923 (**b**, **e)** or *C. albicans* CAI4 (**c**, **f**) monospecies biofilms harvested at different time points from nano-ZnO or nano-ZnO/Ag or uncoated surfaces in static oligotrophic environment (1:500 diluted NB in synthetic tap water; **a**--**c**) or growth medium (LB: **d**, **e**; YPD: **f**). Biofilm formation was more affected by the nano-enabled coatings in oligotrophic environment than in growth medium with significantly decreased colonization by *E. coli* and *S. aureus* from 24 h onwards while nano-ZnO surfaces selectively enhanced surface colonization by *C. albicans*. Only dense nano-ZnO surfaces demonstrated statistically significant moderate colonization inhibiting effect on *S. aureus* in growth medium 48--72 h post-inoculation. Red dotted line represents the limit of quantification (231 CFU/cm^2^). Data represents mean ± SD of 3 independent experiments with 6--9 data points ± SD.

Addition of Ag to the sparse nano-ZnO surfaces had transient negative effect on *E. coli* biofilm formation in oligotrophic conditions with an additional 0.5--1.6 log reduction in harvested viable cells (3--48 h post-inoculation, respectively) compared with sparse nano-ZnO without added Ag (Fig. [1](#Fig1){ref-type="fig"}a). This additional reduction decreased to a non-significant 0.34 log by 72 h. Ag had only a small but statistically significant effect on *S. aureus* biofilm formation in oligotrophic conditions (\< 0.5 log additional reduction compared to sparse nano-ZnO) indicating better tolerance to silver compared to *E. coli* (Fig. [1](#Fig1){ref-type="fig"}b). As expected, addition of Ag to nano-ZnO surfaces had no effect on bacterial biofilm formation in organic-rich growth medium (Fig. [1](#Fig1){ref-type="fig"}d, e) due to lower bioavailability of silver.

Surfaces coated with nano-ZnO promoted *C. albicans* biofilm formation in oligotrophic conditions with up to 1.27 log increase in viable attached cells at 48 h time point compared to uncoated surface (Fig. [1](#Fig1){ref-type="fig"}c). Silver-containing surfaces had no significant effect on *C. albicans* biofilm formation nor on planktonic viability in oligotrophic conditions compared to uncoated surfaces. However, considering enhanced *C. albicans* biofilm formation on sparse nano-ZnO surfaces and biofilm formation on sparse nano-ZnO/Ag surfaces in oligotrophic conditions demonstrating a significant 0.55--0.72 log reduction compared to sparse nano-ZnO surface during 3--48 h, respectively (Fig. [1](#Fig1){ref-type="fig"}c), it could be concluded that silver transiently inhibited *C. albicans* biofilm formation bringing it down to control level. This inhibition was lost 72 h post-inoculation. No biofilm promoting effect was observed in growth medium where inversely a moderate transient biofilm inhibition on both sparse nano-ZnO/Ag (0.85 log decrease) and dense nano-ZnO (0.89 log decrease) surfaces was observed at 48 h (Fig. [1](#Fig1){ref-type="fig"}f). Inhibitory effect of silver was further illustrated by the presence of areas with several flattened "ghost cells" on sparse nano-ZnO/Ag surface in growth medium (Supplementary Fig. [1](#MOESM1){ref-type="media"}) accompanying slight decrease in viable biofilm cell count 48 h post-inoculation (Fig. [1](#Fig1){ref-type="fig"}f). Similar areas with dead cells were not observed in other conditions and seemed to serve as a matrix for the biofilm to grow on.

Viability of planktonic microbes above the surfaces coated with nano-ZnO or nano-ZnO/Ag {#Sec4}
---------------------------------------------------------------------------------------

In organics-rich growth media most of the Zn deposited on the nano-ZnO coated surfaces (Fig. [3](#Fig3){ref-type="fig"}a--c) was released into the medium already after 24 h whereas in oligotrophic conditions up to 10 times less Zn was released (Fig. [3](#Fig3){ref-type="fig"}d--f). Increased Zn release in growth media can be attributed to both, culture acidification and formation of protein complexes driving Zn dissolution from nano-ZnO^[@CR23],[@CR57],[@CR58]^. Higher release of Zn into bacterial growth medium yielded in less biofilm inhibition (Fig. [1](#Fig1){ref-type="fig"}d,e) and higher viability of planktonic bacteria (Fig. [2](#Fig2){ref-type="fig"}d,e) while in oligotrophic conditions more nano-ZnO remained on the surface resulting in both more effective inhibition of biofilm formation (Fig. [1](#Fig1){ref-type="fig"}a,b) and lower planktonic viability (Fig. [2](#Fig2){ref-type="fig"}a,b). This can possibly be explained by differences in bioavailability. No statistically significant reduction in viability of planktonic yeast cells was registered, regardless of surface type or test media used (Fig. [2](#Fig2){ref-type="fig"}c,f).Figure 2Viability of *E. coli* MG1655 (**a**, **d**), *S. aureus* ATCC25923 (**b**, **e**) or *C. albicans* CAI4 (**c**, **f**) planktonic cells above nano-ZnO, nano-ZnO/Ag or uncoated surfaces in static oligotrophic environment (1:500 diluted nutrient broth in synthetic tap water; **a**--**c**) or growth medium (LB: **d**, **e**; YPD: **f**). Planktonic cells were generally more affected by nano-enabled coatings in oligotrophic environment than in growth medium. Red dotted line represents the limit of quantification (50 CFU/mL). Data represents mean ± SD of 3 independent experiments with 6--9 data points ± SD.

Slight decrease in overall planktonic viable counts at 3 h (Fig. [2](#Fig2){ref-type="fig"}a--f) can be explained by microbial attachment to solid surfaces, including on the polystyrene well surface which decrease planktonic counts in oligotrophic conditions and is not yet compensated by proliferation during 3 h in growth medium at room temperature.

Zinc release from the dense nano-ZnO surface (Fig. [3](#Fig3){ref-type="fig"}c,f) had a small but statistically significant negative effect of 0.63 logs reduction by 72 h on planktonic *E. coli* viability in oligotrophic conditions and no effect in growth medium (Fig. [2](#Fig2){ref-type="fig"}a,d) while the same surfaces decreased *S. aureus* planktonic viability in a dose-dependent manner in both oligotrophic conditions and growth medium (Fig. [2](#Fig2){ref-type="fig"}b,e) with maximum of 2.37 and 1.69 logs reduction, respectively. This effect can likely be attributed to relative sensitivity of *S. aureus* towards Zn.Figure 3SEM images of sparse nano-ZnO (**a**), sparse nano-ZnO/Ag (**b**) and dense nano-ZnO (**c**) coated surfaces as well as measured Zn release from sparse ZnO (**d**), sparse ZnO/Ag (**e**) and dense ZnO (**f**) surface to the test environments (including the microbes) over time. (**a**--**c**) Scale bars represent 1 µm. (**d**--**f**) maximum Zn concentration in each test environment (measured Zn background in different media + theoretical total Zn release from ZnO nanoparticles) is marked as a dotted line. Almost total Zn dissolution was reached already at 3 h in growth medium while dissolution equilibrium was much more slowly achieved in oligotrophic conditions and at lower Zn concentration (**d**--**f**). The only exception was *C. albicans* that significantly enhanced Zn release to near total dissolution in oligotrophic conditions. Data represents mean ± SD of 3 independent experiments. Total Ag content of 23.56 ± 3.42 ng/cm^2^ in the sparse ZnO/Ag surface was measured which could result in up to 15.27 ± 2.21 ng/mL concentrations in the 5 mL test volume (Supplementary Table [1](#MOESM1){ref-type="media"}).

Ag from the nano-ZnO/Ag surfaces decreased planktonic viability of *E. coli*, but not *S. aureus* and *C. albicans* in oligotrophic conditions (Fig. [2](#Fig2){ref-type="fig"}a--c). Ag from sparse nano-ZnO/Ag had no significant effect on planktonic viability in growth media (Fig. [2](#Fig2){ref-type="fig"}d--f) which can be explained by lower bioavailability of released Ag^+^ ions due to complexing proteins and chloride in the medium^[@CR59]--[@CR61]^. Maximum calculated Ag concentration in the test system in case of complete release of Ag from the surface coating was estimated to reach 15.27 ± 2.21 ng/mL (Supplementary Table [1](#MOESM1){ref-type="media"}). Actual release could not be reliably measured possibly due to high adsorption of Ag to organic matter in the test medium and/or polystyrene well walls.

Biofilm and cell morphology {#Sec5}
---------------------------

Coverage of the surfaces by 48 h biofilm biomass in epifluorescence microscopy (Fig. [4](#Fig4){ref-type="fig"}) and higher magnification SEM images of representative microcolonies (Fig. [5](#Fig5){ref-type="fig"}) confirmed morphological and structural differences between biofilms grown on uncoated surfaces in growth medium and oligotrophic conditions as well as between biofilms on nano-ZnO coated and uncoated surfaces.Figure 4Representative epifluorescence images of *E. coli*, *S. aureus* or *C. albicans* 48 h biofilms on uncoated surfaces or on surfaces coated with nano-ZnO or nano-ZnO/Ag in oligotrophic conditions and growth medium. Fixed biofilms were stained with DNA- and RNA-binding Syto 9. Scale bars represent 50 µm.Figure 5Characteristic SEM images of *E. coli*, *S. aureus* and *C. albicans* cell and microcolony morphology in 48 h biofilm aggregates on uncoated surfaces or on surfaces coated with nano-ZnO or nano-ZnO/Ag in oligotrophic conditions and growth medium. Scale bars represent 1 µm for bacteria and 10 µm for *C. albicans*. For designation of the surface coatings, see Fig. [3](#Fig3){ref-type="fig"}a--c.

In case of *E. coli*, also clear differences in cell surface structure were observed. *E. coli* biofilms in growth medium consisted of cells with smoother surfaces and less extracellular matrix (ECM) extended to solid surface while *E. coli* cells in oligotrophic biofilms had a more coarse surface structure and fibrillar ECM extended to solid surface (Fig. [5](#Fig5){ref-type="fig"} upper panels). These differences occurred despite the fact that surface-associated amyloid fibers (SAFs) in the ECM were found to interconnect individual cells of *E. coli* (Supplementary Figs. [2](#MOESM1){ref-type="media"}, [3](#MOESM1){ref-type="media"}) and *S. aureus* (Supplementary Figs. [4](#MOESM1){ref-type="media"}, [5](#MOESM1){ref-type="media"}) biofilms in all growth and exposure conditions used. Although there was less *E. coli* biofilm on nano-ZnO-coated surfaces in oligotrophic conditions compared to uncoated surface (Figs. [1](#Fig1){ref-type="fig"}a, [4](#Fig4){ref-type="fig"} upper panels) and cells tended to be shorter in length on nano-ZnO-coated surfaces, cells with normal morphology could be found even in direct contact with ZnO nanoparticles on dense nano-ZnO surfaces (Fig. [5](#Fig5){ref-type="fig"}, upper panels). ZnO nanoparticles were dissolved from the nano-ZnO surfaces in growth medium during 48 h incubation, as also confirmed by elemental analysis (Fig. [3](#Fig3){ref-type="fig"}f) and were not visible on SEM images (Fig. [5](#Fig5){ref-type="fig"}). Adherence of *S. aureus* cells to nanoparticles on dense nano-ZnO surfaces was also observed, although there were more damaged cells and blebbing, generally associated with cellular damage and virulence^[@CR62]--[@CR64]^, occurring on nano-ZnO surfaces in oligotrophic conditions and on dense ZnO surface in growth medium compared to uncoated surfaces (Fig. [5](#Fig5){ref-type="fig"}, middle panels).

There were no clear morphological differences between *S. aureus* biofilm cells on uncoated surfaces in growth medium and oligotrophic conditions besides larger cell size in growth medium (Fig. [5](#Fig5){ref-type="fig"}, middle panels). Although Zn-enhanced cell-to-cell adherence has been described for *S. aureus*^[@CR65],[@CR66]^, *S. aureus* tended to preferably form cell aggregates (cell-to-cell adherence) regardless of surface type while *E. coli* tended to cover surface (cell-to-surface adherence) and thereafter form biofilm in height.

Pseudohyphal morphology of the dimorphic fungus *C. albicans* was only observed in oligotrophic conditions, where yeast form was qualitatively more dominant on dense nano-ZnO surface (bottom panels in Figs. [4](#Fig4){ref-type="fig"} and [5](#Fig5){ref-type="fig"}). No true hyphae were observed nor expected from this strain in the absence of serum.

In vitro biocompatibility of nano-ZnO and nano-ZnO/Ag surfaces {#Sec6}
--------------------------------------------------------------

In order to assess the biocompatibility of nano-ZnO and nano-ZnO/Ag surfaces with human cells, the growth of human keratinocytes directly on the surfaces in standard cell culture conditions was evaluated. Despite the fact that there was enough Zn deposited on dense nano-ZnO surfaces to cause toxicity to the cells in case of total release, amount of Zn released into cell culture medium did not reach cytotoxic concentrations during 48 h (Fig. [6](#Fig6){ref-type="fig"}a,b) and normal growth and morphology of human keratinocytes on nano-ZnO coated surfaces was observed (Fig. [7](#Fig7){ref-type="fig"}). Total Zn and Ag amount deposited on sparsely coated surfaces was not high enough to cause cytotoxicity even in case of theoretical total release into the medium (Fig. [6](#Fig6){ref-type="fig"}a,b). Compared to control surface, slightly enhanced attachment and growth of keratinocytes on dense nano-ZnO surfaces (Fig. [6](#Fig6){ref-type="fig"}c) was observed. This observation cannot be explained by differences in surface properties of the different surfaces, e.g., hydrophilicity (see water contact angles on different surfaces in Supplementary Fig. [6](#MOESM1){ref-type="media"}).Figure 6Cytotoxicity of soluble Zn (**a**) and Ag (**b**) salts or nano-ZnO and nano-ZnO/Ag coated surfaces (**c**) to HaCaT keratinocytes after 48 h in standard cell-culture conditions (DMEM high glucose medium supplemented with Na-pyruvate (1 mM), penicillin--streptomycin (100 U/mL;100 μg/mL), fetal bovine serum (10%), 37 °C, 5% CO~2~). (**a**) Viability of HaCaT cells exposed to ZnSO~4~. Solid line denotes Zn released into cell culture medium from sparse nano-ZnO (light green) and dense nano-ZnO (dark green) surfaces during 48 h. Dotted lines denote respective maximal theoretical concentration in case of total release of deposited Zn. (**b**) Viability of HaCaT cells exposed to AgNO~3~. Dotted blue line marks theoretical maximum release of Ag into the test environment from sparse nano-ZnO/Ag surface. Actual release could not be reliably measured possibly due to high adsorption of Ag to organic matter in the test medium and/or polystyrene well walls. (**c**) Cytotoxicity of nano-ZnO and nano-ZnO/Ag coated surfaces to HaCaT keratinocytes cultured directly on the surfaces. No direct cytotoxicity of nano-enabled surfaces was observed. Increased growth of keratinocytes was observed on dense nano-ZnO surfaces. \*Denotes statistically significant difference (P \< 0.05). Zn release from the surfaces during 48 h did not reach cytotoxic range. Theoretical maximal Zn concentration resulting from total Zn release from the dense nano-ZnO surfaces was in toxic range while total Zn from sparse nano-ZnO and Ag from sparse nano-ZnO/Ag would not have reached toxic concentrations in cell culture medium.Figure 7Representative confocal microscopy (CLSM) images of HaCaT keratinocytes on nano-ZnO or nano-ZnO/Ag coated surfaces: upper panel---lower magnification CLSM (scale bar 200 µm), bottom panel---higher magnification CLSM (scale bar 50 µm); nuclei---cyan (Hoechst 33342), cytoskeleton---red (Phalloidin-TRITC). Cells are viable (Fig. [6](#Fig6){ref-type="fig"}) and appear normal on all surfaces.

Discussion {#Sec7}
==========

The extracellular matrix (ECM) is an integral part of biofilms and can make up most of the volume of a mature biofilm^[@CR68]^ but total biomass or biovolume is not a good proxy for total or viable cell count in a biofilm, especially when comparing chemical treatments or carrier surfaces that could potentially affect ECM composition. However, viable microbes are critically needed to establish biofilms de novo and the sole cause of pathogen transfer via high-touch surfaces. Therefore, we chose to quantify viable microbes harvested from 3 to 72 h biofilms to evaluate de novo surface colonization. As harvested CFU counts exclude ECM quantification entirely, we also evaluated the biofilms qualitatively by epifluorescence and electron microscopy. Epifluorescence microscopy was chosen to be performed on 48 h fixed biofilm samples monostained with Syto 9 instead of viable biofilms stained with Syto 9 and propidium iodide (PI) because (i) based on pilot experiments, largest effect was expected at 48 h; (ii) PI is known to underestimate viability in biofilms^[@CR9],[@CR10]^; (iii) highly variable Syto 9 intensity in viable biofilms depending on viability state and Gram type of the cells^[@CR9],[@CR69]^; (iv) time limits of working with viable samples to achieve comparable representative results.

It must be noted, however, that adding liquid manipulation steps such as rinsing, fixation and gradual dehydration to the preparation of biofilm samples is likely to affect the appearance of biofilms and cause e.g., loss of biomass in each step. Kragh et al*.* have recently demonstrated that media removal and rinsing can critically affect quantitative biofilm analysis compared to undisturbed biofilms^[@CR10]^. In addition, we observed that while oligotrophic bacterial biofilms retained their overall microcolony architecture during fixing and dehydration steps, biofilms formed in growth medium lost most of their biomass and surface coverage during dehydration steps prior to SEM. Taking into account also the rapid biofilm formation during the first 3 h in oligotrophic conditions (Fig. [1](#Fig1){ref-type="fig"}) we empirically suggest that biofilms formed in oligotrophic conditions are more strongly attached to the substratum.

Reductions in harvested viable counts of bacterial biofilms on nano-ZnO and nano-ZnO/Ag surfaces were accompanied by respective reductions in planktonic viable counts regardless of media used and can therefore be mostly attributed to general antibacterial activity of the Zn-enabled surfaces and metal dissolution in concordance with previous knowledge^[@CR13],[@CR70]^ and not biofilm-specific mode of action. *S. aureus* was more sensitive to Zn and *E. coli* more sensitive to Ag for both biofilms and planktonic cultures in accordance with our previous results using a planktonic test in oligotrophic conditions^[@CR53]^. *S. aureus* cells attached to ZnO-coated surfaces (Fig. [5](#Fig5){ref-type="fig"}, middle panels) appeared damaged on SEM micrographs and presented blebs. Blebbing has been described not only for Gram-negative, but also for Gram-positive bacteria and fungi^[@CR62]^ and appears to have a more general role in stress response, virulence and intercellular communication across the domains of life. Vesicle formation has also been confirmed in case of *S. aureus*^[@CR63]^ and can take place for example in response to antibiotic stress thereby increasing virulence^[@CR64]^.

We have shown previously that choice of media critically affects metal toxicity^[@CR61]^ and indeed, it was evident, that both Zn and Ag were more toxic in oligotrophic conditions compared to no effect on either biofilm or planktonic cells of *E. coli* in growth medium. This can be explained by lower metal bioavailability in organics-rich growth medium^[@CR57]--[@CR61]^ but one must acknowledge that also physiology of exponentially growing and starving non-dividing microbes is different. Although classical microbiological culture media are the most used testing environments, their suitability for each application should be evaluated.

Although metal effect to surface associated amyloids (SAFs) in biofilm matrix is yet scarcely studied^[@CR44],[@CR45]^, we also hypothesized that high Zn concentrations might interfere with bacterial surface-associated amyloid^[@CR71]--[@CR74]^ formation as it can negatively affect fibrillar structure of other amyloids^[@CR75]--[@CR79]^ and could thereby disrupt SAF-mediated surface colonization. Although cell surface morphology seemed to differ between *E. coli* cells grown on nano-ZnO and uncoated surfaces in oligotrophic conditions (Fig. [5](#Fig5){ref-type="fig"}, top panel), we found no substantial qualitative differences in amyloid staining of those biofilms (Supplementary Figs. [2](#MOESM1){ref-type="media"}--[5](#MOESM1){ref-type="media"}). Qualitative results do not strictly rule out smaller Zn-dependent differences, which amyloid signal quantification could possibly discriminate, if present.

While reduction in bacterial biofilm viability was accompanied by respective antibacterial activity against planktonic cells there were clear biofilm-specific effects on *C. albicans* biofilm formation. Although planktonic viable counts were not significantly different from uncoated control surface regardless of surface type or media used, biofilm formation was affected. Enhanced dose-dependent biofilm formation of *C. albicans* on nano-ZnO-coated surfaces in oligotrophic conditions cannot be explained by differences in the hydrophilic properties of nano-ZnO coated and uncoated surfaces (Supplementary Fig. [6](#MOESM1){ref-type="media"}). However, *C. albicans* has been demonstrated to possess systems to harvest extracellular Zn and store Zn intracellularly in zincosomes^[@CR80]^ which enables *C. albicans* to both overcome nutritional immunity in host organism as well as to detoxify Zn^2+^ excess. Active uptake of extracellular Zn could also be the reason, why nano-ZnO was depleted from the surfaces in oligotrophic conditions in the presence of *C. albicans* but not bacteria (Fig. [3](#Fig3){ref-type="fig"}d--f). For dense nano-ZnO surfaces this effect was also clearly observable on SEM images (Fig. [5](#Fig5){ref-type="fig"}, right column). Interestingly, previously published results on zinc effects on *Candida* biofilm formation are contradictory. For example, Kurakado et al*.* demonstrated an increase in *C. albicans* biofilm formation as a response to ZnSO~4~ and a decrease in response to zinc chelator^[@CR81]^ while several others report Zn-associated biofilm inhibition^[@CR82]--[@CR84]^. These contradictions could be partly due to different average and local Zn concentrations reached in these studies while we had the nano-ZnO attached to a solid surface resulting in lower average Zn concentration in the test environment or due to growth-related and physiological differences in various oligotrophic and nutrient-rich environments as well as differences in yeast strains used. We also observed that pseudohyphal morphology of *C. albicans*^[@CR67]^ was only registered in oligotrophic conditions where yeast form was qualitatively more dominant on dense nano-ZnO surface (bottom panels in Figs. [4](#Fig4){ref-type="fig"} and [5](#Fig5){ref-type="fig"}). Harrison *et. al* have demonstrated that sub-inhibitory Zn^2+^ concentrations can indeed interrupt yeast to hyphal differentiation in *Candida* biofilms^[@CR85]^ and it has been suggested that zinc-responsive transcription factor Zap1 is a negative regulator of biofilm matrix accumulation and maturation^[@CR86]^ also directing the yeast-hypha balance to yeast form^[@CR87]^. On the other hand, filamentation is not a prerequisite for initial biofilm formation^[@CR88]^ as can also be seen in our results.

*Candida* spp is an important cause of nosocomial bloodstream infections^[@CR90]^. Although we did not look into polymicrobial biofilms, enhancement of *C. albicans* biofilm formation could be especially disadvantageous in biomedical applications as many patients with candidemia tend to present polymicrobial blood cultures^[@CR91]^ and surface colonization by *C. albicans* can in turn enhance polymicrobial biofilm formation or drug tolerance of other potential pathogens^[@CR92]--[@CR94]^. In the light of existing and emergent drug-resistant *Candida* spp^[@CR89]^ Zn-enhanced *C. albicans* biofilm formation in oligotrophic conditions should be studied further to reveal mechanistic causes of the biofilm-promoting phenomenon.

Zinc oxide is well tolerated by humans and is listed as a generally recognized as safe (GRAS) substance by the US Food and Drug Administration (21CFR182.8991), approved for use in cosmetics in EU for up to 25% concentration in the ready-for-use preparation (Regulation (EC) No 1223/2009) and widely used in topical applications (incl. sunscreens, baby powders, diaper creams, mineral make-up etc.) as well as food additive, corrosion protection, filler/pigment in paints alongside titanium dioxide etc. We would like to emphasize that growing human keratinocytes directly on the surfaces of interest as a measure of biocompatibility was used as a worst-case-scenario during material development phase. In vivo dermal exposure to surface-bound ZnO is expected to be lower due to the lack of fully functional skin barrier in cell culture conditions and shorter exposures by high-touch surfaces. The observed slightly higher viability of human keratinocytes on dense nano-ZnO surfaces is not entirely unexpected as zinc is known to promote wound healing^[@CR95]^ and has been shown to also promote keratinocyte migration and proliferation as well as to modulate integrin expression needed for adherence to extracellular matrix^[@CR96]^. However, the lack of cytotoxicity for keratinocytes on ZnO and ZnO/Ag surfaces does not rule out potential sublethal events, e.g., genotoxicity that has been observed at somewhat lower zinc concentrations than cytotoxicity^[@CR97],[@CR98]^ and these specific toxic effects would require further studies.

Conclusion {#Sec8}
==========

This study demonstrated that in general, bacterial *E. coli* and *S. aureus* monospecies biofilm formation on nano-ZnO and nano-ZnO/Ag composite-enabled surfaces was inhibited in a dose-dependent manner: sparsely coated nano-ZnO surfaces were less inhibitory than densely coated ones and inhibition of biofilm formation was accompanied by antibacterial activity against planktonic cells. The surfaces were not cytotoxic to human keratinocytes and no significant inhibition of yeast biofilm was observed. On the contrary, enhancement of *C. albicans* biofilm formation was registered on nano-ZnO surfaces in oligotrophic conditions. This observation is certainly disadvantageous considering the emergence of drug-resistant infections of *Candida spp.* and yeast role in polymicrobial biofilms. Our results indicate that best approach to achieve broad-spectrum inhibition of biofilm formation on high-touch surfaces would be the combination of ZnO and silver. It is also important to highlight the role of the test environment. Except for Zn toxicity towards *S. aureus*, all above-mentioned antimicrobial and antibiofilm effects were detected only in oligotrophic environment and not in widely used microbial growth media. Moreover, selection of detection method proved critical in the quality of information acquired as biomass was lost in every liquid manipulation step. Media removal and washing steps have been shown to critically affect quantitative biofilm analysis. We add to that and propose that liquid manipulation steps can also easily introduce compositional biases, e.g. exaggerate biomass differences formed in different conditions.

Methods {#Sec9}
=======

Surfaces {#Sec10}
--------

The preparation of ZnO and ZnO/Ag nanoparticles is more thoroughly described in our previous work^[@CR53]^. Briefly, hydrothermal synthesis was used to prepare ZnO nanoparticles using zinc acetate as a precursor. ZnO/Ag composite particles were created by supplementing ZnO nanoparticles with Ag using UVA-induced photodeposition. ZnO or ZnO/Ag nanoparticles were deposited on 18 × 18 mm square cover glasses (2855-18, Corning) using spin-coating and subsequently annealed to enhance particle surface attachment. Two different coating densities of nano-ZnO were used further referred to as sparse and dense, depicted on Fig. [3](#Fig3){ref-type="fig"}a--c). Nano-ZnO/Ag composite particles were used only in sparse coating density. Dense coating resulted in uniformly covered surfaces while sparse coatings exposed glass carrier surface with distance between nanoparticle clusters comparable to bacterial cell size as can be seen on SEM images of the surfaces on Fig. [3](#Fig3){ref-type="fig"}. Physical and chemical properties of the nanoparticles used as well photocatalytic and antibacterial activity of the surfaces used in this study have been previously described^[@CR53]^. Total Zn content in the nano-coatings was analyzed using TXRF (S2 Picofox, Bruker) and Ag content with AAS (ContrAA 800, Analytic Jena AG) after 1 h treatment in 0.5 mL concentrated HNO~3~. The results are shown in Supplementary Table [1](#MOESM1){ref-type="media"}.Table 1Media and buffers.Synthetic tap water (STW; DIN10531), prepared as 5 × stock300 mg/L NaHCO~3~, 175 mg/L MgSO~4~, 300 mg/L CaCl~2~; pH 7.5 in 1xSTWNutrient broth (ISO 22196)3 g/L meat extract, 10 g/L peptone, 5 g/L NaCl; pH 6.8--7.2Lysogeny broth (LB)5 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl; pH 6.8--7.2Yeast extract peptone dextrose medium (YPD) and respective agar20 g/L peptone, 10 g/L yeast extract, 20 g/L glycose + 15 g/L agar for plates; pH 6.8--7.2Phosphate buffered saline (PBS)8 g/L NaCl, 0.2 g/L KCl, 0,81 g/L, Na~2~HPO~4~ × 2H~2~O, 0.2 g/L KH~2~PO~4~; pH 7.1Nutrient agar (ISO 22196)5 g/L meat extract, 10 g/L peptone, 5 g/L NaCl, 15 g/L agar; pH 7.0--7.2Soybean casein digest broth with lecithin and polyoxyethylene sorbitan monooleate (SCDLP broth; ISO 22196)17 g/L casein peptone, 3 g/L soybean peptone, 5 g/L NaCl, 2.5 g/L Na~2~HPO~4~, 2.5 g/L glucose, 1.0 g/L lecithin, 7.0 g/L nonionic surfactant; pH 6.8--7.2Sodium cacodylate buffer, prepared as 0.2 M stock4.8 g Na(CH~3~)~2~AsO~2~ × 3 H~2~O in 100 mL deionized water brought to pH 7.4 with the addition of 5.6 mL 0.2 M HCl

Biofilm formation, harvesting and quantification {#Sec11}
------------------------------------------------

Monospecies biofilms of *E. coli* MG1655, *S. aureus* ATCC25923 and *C. albicans* CAI4 were studied. Sterile nano-ZnO, nano-ZnO/Ag or uncoated surfaces were placed into non tissue culture treated 6-well polystyrene plate wells. 5 mL of microbial inoculum was added to each well. To prepare inoculums, overnight cultures of microbes were pelleted by centrifugation (7,000×*g*, 10 min) and washed twice with deionized water before re-suspension in test medium and density optimization. Initial cell density was about 10^7^ CFU/mL in oligotrophic conditions, i.e*.*, synthetic tap water (STW; Table [1](#Tab1){ref-type="table"}) containing 1:500 diluted nutrient broth (NB; Table [1](#Tab1){ref-type="table"}) and 10^5^ CFU/mL in growth media, i.e., lysogeny broth (LB, Table [1](#Tab1){ref-type="table"}) in case of bacteria and yeast extract-peptone-dextrose medium (YPD, Table [1](#Tab1){ref-type="table"}) in case of yeast. Surfaces were incubated in dark static conditions (covered with aluminum foil) at room temperature (22 °C) to allow biofilm formation. After 0, 3, 24, 48 and 72 h three samples of each surface were dip-rinsed in PBS (Table [1](#Tab1){ref-type="table"}) with sterile forceps, carefully drained from one corner and submerged in 15 mL 0.5 × neutralizing broth (SCDLP; Table [1](#Tab1){ref-type="table"}) with 1.5 M NaCl in 50 mL centrifuge tube, vortexed for 30 s at max speed, ultrasonicated for 15 min in ultrasonic bath (Branson1800) and again vortexed for 30 s. An aliquot of each resulting suspension was serially diluted in PBS and drop-plated on nutrient agar (NA) or yeast growth agar (YPD agar, Table [1](#Tab1){ref-type="table"}) for colony counting. Planktonic fraction in 5 mL media over biofilms in each well was mixed by pipetting, serially diluted and plated for planktonic colony count. To assess Zn release from the surfaces, an aliquot from planktonic fraction (including microbes) in wells above the biofilms was taken for elemental analysis. TXRF (S2 Picofox, Bruker) was used for Zn analysis. Maximum calculated Ag concentration in the test system in case of complete release of Ag from the surface coating was estimated to reach 15.27 ± 2.21 ng/mL (Supplementary Table [1](#MOESM1){ref-type="media"}). Actual release could not be measured due to high adsorption of Ag to organic material and well walls.

Viable counts of cells harvested from biofilms were calculated as follows:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
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                \usepackage{amssymb} 
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                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\frac{\mathbf{C}\mathbf{F}\mathbf{U}}{{\mathbf{c}\mathbf{m}}^{2}}= CFUs\;counted \times serial\;dilution\;factor \times \frac{sonication\;volume (\mu l)}{plated\;volume (\mu l)} \times \frac{1}{sample\;surface\;area ({cm}^{2})}$$\end{document}$$

Viable counts of inoculums and planktonic cells were calculated as follows:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\mathbf{C}\mathbf{F}\mathbf{U}/\mathbf{m}\mathbf{l}= CFUs\;counted \times dilution\;factor \times \frac{1000 (\mu l)}{plated \; volume (\mu l)}$$\end{document}$$

Ultrasonication protocol {#Sec12}
------------------------

SCDLP (Table [1](#Tab1){ref-type="table"}) was used for toxicity neutralizing properties (ISO 27447) and its surfactant content was expected to enhance releasing biofilms from surfaces. 1.5 M NaCl was used to aid in biofilm harvesting as it has also been successfully used for extracellular matrix removal^[@CR99]^ and does not influence microbial viability when combined with ultrasonication and vortexing (Supplementary Fig. [7](#MOESM1){ref-type="media"}). Staining with 30 µM propidium iodide and 5 µM Syto 9 with subsequent epifluorescence microscopy (see below) was used to evaluate biofilm harvesting efficiency. It was confirmed that adherent cells were removed from the surfaces (data not shown).

Staining and microscopy {#Sec13}
-----------------------

Biofilms were stained to visualize total cellular biomass (DNA/RNA), surface-associated amyloid fibers (SAF) and chitin (in case of yeast). Before staining, the biofilms were dip-rinsed in PBS (Table [1](#Tab1){ref-type="table"}) to remove loosely bound cells as described above and fixed by 2-h incubation in 2.0% glutaraldehyde in 0.1 M sodium cacodylate buffer (Table [1](#Tab1){ref-type="table"}) followed by rinsing once in the same buffer. For total cellular biomass visualization, nucleic acids were stained by incubating the fixed cells for 15 min with 5 µM Syto 9. For staining of SAF and chitin (fungal cell wall component), fixed biofilms were incubated for 15 min with 5 µM Syto 9 and 10 µM Congo Red. Stained biofilms were visualized with Olympus CX41 using exciter filter BP475, dichroic mirror DM500, barrier filter O515IF (Syto9 staining) or with Zeiss LSM800 confocal laser scanning microscope (CLSM) using excitation/emission track settings of 488 nm/505--550 nm (Syto 9) and 561 nm/575--700 nm (Congo Red).

Congo Red (CR), used to stain SAFs, also stains cellulose and chitin in fungal cell walls^[@CR100]^ due to structural similarity to cellulose. In this study, we have used CR also to visualize *C. albicans* cells by staining both cell wall and fungal SAFs^[@CR101]^. Regarding possible cellulose signal interfering with amyloid staining of *E. coli*, as cellulose is a known component in ECM of several *Enterobacteriaceae* species, it is known that *E. coli* K-12 strains, including MG1655 have a stop codon mutation in the cellulose operon and do not produce cellulose^[@CR102]^.

To visualize biofilm morphology, electron microscopy was used. For that, fixed biofilms were gradually dehydrated with ethanol, air-dried, coated with 3 nm Au/Pd layer (Polaron Emitech SC7640 Sputter Coater) and visualized with scanning electron microscopy (FEI Helios NanoLab 600).

Cytotoxicity testing {#Sec14}
--------------------

Toxicity of the surfaces was tested on human immortalized HaCaT keratinocytes (ThermoFisher). Cells were maintained in DMEM high glucose medium supplemented with Na-pyruvate (1 mM), penicillin--streptomycin (100 U/mL and 100 μg/mL, respectively) and fetal bovine serum (10%) at 37 °C and 5% CO~2~. During maintenance, the cell density was kept between 0.5--1 × 10^6^ cells/mL. Each type of surface in four replicates was placed into a separate well of a 6-well plate and 2 mL of cell suspension (4\*10^4^ cells/mL) in supplemented DMEM medium was added. Cells were cultivated for 48 h, surfaces were removed using tweezers to a new well of a 6-well plate. An aliquot of the remaining medium was taken for Zn concentration measurement by TXRF (S2 Picofox, Bruker). One replicate of each type of surface was left for microscopy while to the rest of three replicates 0.33% of Neutral Red (Sigma) solution in supplemented DMEM medium was added and incubated at 37 °C and 5% CO~2~ for 4 h. After that, the dye solution was removed by double washing with PBS and the dye remaining within viable cells was dissolved over 10 min (gentle shaking) using 1 mL of Neutral Red Assay Solubilization Solution (Sigma). The intensity of Neutral Red dye was measured spectrophotometrically at 540 nm using Fluoroskan plate reader (Thermo). Cell viability on nano-ZnO and nano-ZnO/Ag surfaces was calculated as percentage of viability on uncoated surface. Cell viability assays on surfaces were repeated twice. For microscopy, the surfaces with cells were first covered with 3.7% formaldehyde in 0.1% TritonX-100 solution for 10 min, then with 1 µg/mL solution of Hoechst 33,342 (ThermoFisher) and 1 µg/mL Phalloidin-TRITC (Sigma) in PBS for 30 min. After that, the dye solution was removed and cells were imaged using confocal microscope with filter settings for DAPI and TRITC.

For cytotoxicity assays of respective soluble salts (Fig. [7](#Fig7){ref-type="fig"}), exposure to HaCaT cells was carried out in 96-well format and cell viability was assessed using Neutral Red assay, essentially as described above.

Statistical analysis {#Sec15}
--------------------

One- or two-way ANOVA analysis followed by Tukey *post-hoc* test was used to detect significant differences in multiple comparisons at 0.05 significance level using GraphPad Prism 8.3.0. Log-transformed data was used for the analysis of CFU counts. Only statistically significant (P \< 0.05) differences and log reductions are mentioned in the text unless stated otherwise.
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